Starting materials Phenylacetylene (Aldrich No. 2086451, 98%) and styrene (Aldrich No. 2028515, 99.5%) were distilled from P 2 O 5 in an argon atmosphere. Microspherical γ-Al 2 O 3 (IKT-02-6M from OAS "Katalizator", Novosibirsk, S = 138 m 2 /g) and α-Al 2 O 3 (KN-08 from OAS "Katalizator", Novosibirsk, S = 0,6 m 2 /g) were used as a support for nanoparticles. The support was activated by calcination at 350°C for 3 h before use. To prepare catalysts, HAuCl 4 •H 2 O ("Aurate," TU 6-09-05-1075-89) with a gold content of 49.04 wt. %, distilled water, and 0.1M aqueous NaOH were used.
Introduction
The industrial interest in the catalytic hydrogenation of phenylacetylene has its origin in styrene polymerization, where pure styrene feedstock is needed to preserve the polymerization catalyst (1, 2) . A small amount of phenylacetylene in the feed stream can deactivate it; hence, its selective reduction to less than 10 ppm content is necessary. For this purpose, highly selective Pd-Ag catalysts are commonly used (1) . However, their activity and stability are not adequate; hence, searching for more effective catalysts is still a topical task.
It is known that gold nanoclusters exhibit high catalytic activity, stability and selectivity in various chemical reactions (3) (4) (5) . Moreover, there are numerous papers demonstrating that gold-containing nanocomposites are perfect catalysts for hydrogenation of unsaturated compounds such as 1,3-butadiene, acetylene, pent-1-ene, cyclohexane, α,β-unsaturated aldehydes and prop-1-yne (6) (7) (8) (9) (10) (11) , but selective hydrogenation of phenylacetylene on supported gold nanoparticles has received little attention (6) . Thus, the catalytic hydrogenation of phenylacetylene from phenylacetylene-styrene mixture is still of interest from both scientific and industrial standpoints. www.goldbulletin.org (HCl : HNO 3 =4 : 1). The relative error of gold content determination was less than 1%.
The TEM observation was performed with a LEO912 AB OMEGA electron microscope with 0.1 nm resolution. For each Au/Al 2 O 3 catalyst, 300 particles of supported gold were processed to determine the particle size distribution and mean particle diameters.
Hydrogenation of phenylacetylene-styrene mixture
Catalytic experiments were carried out using a fixed-bed flow reactor. A catalyst or support (1g) was placed in a quartz tube, heated to reaction temperature (318-423 K) for 15 min in a stream of hydrogen at a flow rate of 1.25-1.29 cm 3 /min. The reactant gas mixture containing phenylacetylene (10-30 molar percent) and styrene (70-90 molar percent) was passed through the catalyst bed at a flow rate of 200-230 h -1 . The reactor effluents were analyzed with a Kristall-Lux-4000 gas chromatograph equipped with a flame ionization detector and a 50-m Thermon capillary column.
Calculations of the catalytic activity and selectivity
Phenylacetylene conversion (C 8 H 6 ) was calculated as (C 8 H 6 )=[χ 0 (C 8 H 6 )-χ i (C 8 H 6 )]*[χ 0 (C 8 H 6 )] -1 *100%, where χ 0 (C 8 H 6 ) is the molar concentration of phenylacetylene in the initial Results of Catalytic Hydrogenation of Phenylacetylene-Styrene mixtures at 423k* * Run is the experiment number, C(Au) is the weight percent of gold, d(Au) is the mean particle diameter of gold in the catalyst, τ is the time on stream, Δ( The turn-over frequency (TOF) was calculated as TOF = A*B -1 *t -1 as described previously (7, 13, 14) . Here (A) is the total moles of phenylacetylene converted per total gold surface area (B) per reaction time (t). (B) was calculated as B = B total D, where (B total ) is the total amount of gold in the catalyst sample and (D) is the degree of dispersion for (i.e., the surface-to-volume ratio) gold nanoparticles with different mean diameters d(Au) calculated in (13, 14) . 
Results and discussion
The color and size of supported on γ-Al 2 O 3 gold particles Three Au/γ-Al 2 O 3 catalysts with gold concentrations of 1.8, 0.37 and 0.02 wt. % and three Au/α-Al 2 O 3 catalysts with gold concentrations of 2.5, 0.8 and 0.03 wt. % were obtained via deposition-precipitation technique ( Table 1 ). All samples were lilac-colored highly dispersed dry powders. As the metal content in catalysts increased from 0.02 to 2.5 %, the color intensity increased too. The observed color and its variation with gold concentration were in good agreement with data published earlier by Bond (5) .
Typical TEM images of the synthesized catalysts are presented in Figs Since the catalytic properties are associated with the surface of supported nanoparticles, the mean particle diameters d(Au) were calculated from the maximum of gold size distributions. The results are summarized in Table 1 . From the d(Au) values, the degree of dispersion D (i.e., the surface-to-volume ratio) was estimated, thus enabling the calculation of the TOF.
Catalytic properties of clean γ-Al 2 O 3 support in hydrogenation at 423K
Before discussing the results of hydrogenation of phenylacetylene-styrene mixture on immobilized gold nanoparticles, let us briefly review the catalytic behavior of a "clean" support. Control experiments showed that the reactant mixture passed through αor γ-Al 2 O 3 heated to 423K contains ethylbenzene (≤2%); thus, these supports possess a slight hydrogenation activity.
A slight catalytic activity of the support in total hydrogenation of unsaturated compounds is not unusual. For example, Lopez-Sanchez and Mohr mentioned that Fe 2 O 3 support is active in hydrogenation of prop-1-yne at 523K (8) and ZrO 2 support catalyzes the hydrogenation of acrolein at 593K (13) . Thus, the weak activity of our γ-Al 2 O 3 or α-Al 2 O 3 support could be explained by trace amount of Fe +3 (according to IKT-02-6M certificate, the concentration of Fe may reach 10 -4 wt. %) or other metals. Unfortunately, we could not reduce the support activity by decreasing the reaction temperature below 423K since this resulted in intensive condensation of phenylacetylene (b.p. = 417K) and styrene (b.p. = 419 K) on the support. In the subsequent processing of experimental data, the support catalytic activity was taken into account.
Hydrogenation of phenylacetylene-styrene mixture on Au/γ-Al 2 O 3 at 423K
The results of hydrogenation of the phenylacetylene-styrene mixture on Au/γ-Al 2 O 3 and Au/α-Al 2 O 3 at 423K are summarized in Table 1: Depending on the concentration of phenylacetylene in the initial mixture, its conversion on supported gold nanoparticles at 423 K varied from 30 to 99.99%. During each run, the conversion was constant for at least 4 hours. The observed conversion values are in agreement with the earlier found conversions of other acetylene derivatives on Au/Al 2 O 3 prepared via deposition-precipitation (for example, conversion of prop-1-yne at 423K was 50% (8), conversion of acetylene at 453-473K was 40-85% (9,10)). The good working stability found for our catalysts is also in good agreement with published data (9) and can be attributed to the absence of oligomers in the product mixture.
The TOF calculated at approximately equal (30-50%) conversions on 2.5, 4.5, 20 and 30 nm gold nanoparticles in phenylacetylene hydrogenation at 423K are 0.142, 0.135, 0.061 and 0.028 s -1 respectively (Table 1 , runs 2, 8-10), which, on the whole, is comparable with the TOF on the same-size gold particles supported on different types of Al 2 O 3 in hydrogenation of unsaturated compounds (7, 15) and is lower than the hydrogenation activity of Pt/Al 2 O 3 or Pd/Al 2 O 3 (16) .
In contrast with traditional metals for hydrogenation (Pd, Rh, Ru, Ni), supported gold nanoparticles possess a unique feature: the activity and selectivity of gold in hydrogenation of unsaturated compounds are strongly dependent on its size. This phenomenon was mentioned repeatedly for 1,3-butadiene and crotonaldehyde (7) , acetylene (9,10), pent-1-ene (5), dodec-1-ene (17) , acrolein (4, 13, 18) , and naphthalene (19) and it seems that it does not depend on the nature of the unsaturated substrate, a method of catalysts preparation or process temperature (5, 6, 18) . The results of phenylacetylene hydrogenation on the supported gold Cuboctahedron model of gold nanoparticle (a) and the dependence of relative numbers of surface sites Nj/Ns on the diameters of cuboctahedron gold particles (b), where Nj is the number of surface atoms with coordination number j, Ns is the total number of surface atoms (as given in (18)). HRTEM image of real Au-In/ZnO catalyst (c). Indium preferentially decorates the outer faces of the gold particles while the edges remain uncovered (as given in 14) Table 1 show that our process is not an exception to the rule.
The catalytic experiments at 30-55% conversion revealed a great increase in the TOF from 0.028 to 0.142 s -1 upon a decrease in the particle size from 30 to 2.5 nm (Table 1 , runs 2, 8-10). The strong size dependence of the selectivity was also detected: as the size of gold nanoparticles was decreased from 30 to 2.5 nm, the selectivity to styrene S increased by an order of magnitude (Table 1 , runs 2, 8-10). In experiments with 100% conversion of phenylacetylene (Table 1 , runs 1, 3-6), the TOF values cannot be estimated precisely, but as for S, one can see again that as the size of gold nanoparticles decreased, the selectivity to styrene increased. The influence of the particle size of the metal on both the TOF and the selectivity are believed to be brought about by "geometric" and/or "electronic" size effects (3) (4) (5) (6) (18) (19) (20) (21) (22) . Now we discuss how these effects could be manifested and how we can explain the observed changes in the activity and selectivity
The contribution of "geometric" and "electronic" effects into hydrogenation properties of gold nanoparticles
It is well known that the activity of individual atom on the catalyst surface strongly depends on its environment. The ratio of different types of surface atoms changes substantially with varying the particle size (18, 23) . Large particles possess mainly large crystal planes with atoms of high coordination number (terrace atoms), whereas metal atoms with low coordination numbers (edge and corner atoms) are characteristic of small particles. Such changes may manifest themselves as "geometric" or "ensemble effect". Of course, this should affect adsorption and reactivity of unsaturated substrates on the surface of the supported nanoparticles.
In equilibrium state, the shape of nano-sized gold should be a cuboctahedron (24) . Therefore, we use a cuboctahedron geometrical model of the particle (Fig.7, a) suggested by van Hardefeld and Hartog (23) . The dependence of the proportions of various surface atoms on the particle diameter for cuboctahedron model (Fig. 7, b ) was calculated by Mohr (18) . Of course, this model is approximate; the error in the estimation of the numbers of various surface atoms can be as high as tens of percent. However, since the size effects observed in the present paper are very high, the qualitative conclusions presented below can be considered reliable.
First of all, let us correlate the changes of TOF with the ratio of various types of surface atoms (see Fig.7, b) . One can see that as d(Au) decreases, the overall fraction of gold atoms with low coordination number (6 and 7, corner and edge atoms) increases, whereas the fraction of plane atoms with high coordination number (8 and 9) decreases ( Fig.7, b) . Thus now we can link the increase in the concentration of lowcoordinated atoms (Fig.7, b) to the observed increase in TOF in phenylacetylene hydrogenation (Table 1, runs 2, 8-10 ). As a result, we can propose that corner and edge atoms make the major contribution to the hydrogenation process, i.e., they are the most active part of the gold nanoparticle surface.
An interesting study that fully supports the above thesis was carried out by Mohr and Claus (14) . They measured the activity and selectivity of gold nanoparticles, both neat and with indium-decorated faces, in the hydrogenation of acrolein. The TOF of 9.0-nm neat gold nanoparticles and 10-nm gold nanoparticles with indium-decorated gold faces were 0.1 and 0.05 s -1 respectively as reported in (14) . If we take into account that indium does not possess hydrogenation activity and that after decoration 100% of the surface gold nanoparticle planes and approximately 40-50% of gold nanoparticle edges and corners* were isolated from the reaction, the reported results clearly demonstrate that the most active sites for hydrogenation should be exactly the edge and/or corner gold atoms.
Another piece of evidence for superior activity of corner and edge atoms in contrast to plane atoms was obtained by Bus and Jia. On the basis of careful analysis of Au/Al 2 O 3 by in-situ X-ray absorption spectroscopy, chemisorption, and H/ D exchange experiments, Bus (25) has revealed that only the gold atoms in the corner and edge positions could induce dissociation of hydrogen. The author also found that the average number of the adsorbed hydrogen atoms per surface gold atom increases with decreasing particle size. In his subsequent study of hydrogenation of cinnamaldehyde, he has found that the TOF increased as the total H/Au ratio increased with a decrease in the gold particle size (15) . The elucidated dependences of hydrogen chemisorption and TOF in acetylene hydrogenation on the size of supported gold particles obtained by Jia (9) are similar to the results reported by Bus (15, 25) .
Summarizing the above results we can explain the influence of the "Geometric" effect on the TOF in hydrogenation of a phenylacetylene-styrene mixture: as the gold nanoparticle size decreases, the concentration of surface sites responsible for hydrogenation (edges and corners) increases, and this is manifested in the increase in the rate of the phenylacetylene hydrogenation.
To discuss the role of "Geometric" effect in the dependence of the selectivity on the particle size (Table 1 , runs 2, 8-10), first examine the hydrocarbon adsorption on the corners, edges and planes of gold nanoparticles. Outka and Madix studied the adsorption of ethylene and acetylene on Au(110) crystal plane via TPD (4). For both hydrocarbons, a single broad desorption peak between 125-200 K was observed with no signs of decomposition products. Koel and co-workers (4) studied the adsorption properties of cyclohexane and cyclohex-1-ene on Au(111) crystal plane. These substrates have shown similar adsorption behavior: they undergo reversible adsorption without decomposition. The binding energies of dec-1-ene, n-decane, hex-1-ene and * Although the authors did not mentioned that, the decoration of some edges and corners could be easily seen on their Au-In HRTEM images (Fig. 7c) www.goldbulletin.org n-hexane on Au(111) crystal plane are 81.1, 80.1, 56.6, 56 respectively (26) . There is no significant difference between adsorption of acetylenes, alkenes or alkanes on gold planes. Differences in the adsorption behavior arise as gold planes are replaced by a combination of gold planes, corners and edges. Jia (9) has shown that at 273K, the amount of acetylene adsorbed on 3.8-nm gold particles immobilized on Al 2 O 3 was 18 times greater than that of ethylene. Moreover, in contrast to ethylene, adsorption of acetylene was irreversible. Segura (11) demonstrated that 4-nm gold nanoparticles supported on CeO 2 are extremely selective in the hydrogenation of triple bonds in propyne-propene mixtures. The authors DFT simulations proved that the observed selectivity is related to the stronger adsorption of prop-1-yne in contrast with propene on edges of supported gold nanoparticles.
The results described clarify the role of the "Geometric" effect in the dependence of styrene selectivity on particle size observed by our group (Table 1 , runs 2, 8-10). As the size of gold particles decreases, the ratio of (corners+edges) to (planes) increases. This leads to essential increase in adsorption of phenylacetylene relative to styrene, which results in an increase in selective hydrogenation of phenylacetylene from alkyne-alkene mixtures. Moreover, according to the classical mechanism of acetylene hydrogenation on palladium (20) , diatomic Pd ensembles are required to produce ethylene from acetylene, while tri-and preferably tetraatomic ensembles are necessary for total hydrogenation of acetylene into ethane and for oligomerization. Since tri-and tetraatomic ensembles are characteristic of planes, it can also be said that as the size of nanoparticles decreases, the surface concentration of plane atoms in nanoparticle decreases ( Fig.7 a) ; this reduces the number of tetraatomic ensembles. As a result, side reactions such as complete hydrogenation and oligomerization are suppressed and the selectivity increases.
It is known that electronic properties of metal particles can change appreciably when the number of atoms in an isolated metal particle is reduced. This is so called "electronic" or "ligand effect". There is much evidence to indicate that very small metal particles do not have the band structure characteristic of bulk metals and they appear to be electron deficient (20, 21) . In other words, as the particle size decreases, the electron deficiency increases. This can have a strong influence on the adsorption behavior by changing (usually increasing) the adsorption energy of unsaturated compounds and increasing the rate of hydrogenation (18) . In the supported gold, some supports can behave as electron acceptors or donors and thus affect the adsorption and hydrogenation rate of unsaturated compounds. Electron transfer from the support to gold was found in Au/TiO 2 systems, resulting in a decrease in the C=C bond hydrogenation rate (4) (5) (6) . In the case of Au/Al 2 O 3 catalysts, the situation is opposite: gold nanoparticles supported on alumina are positively charged (4, 27, 28) and this charge slightly increases as the size of nanoparticles decreases (4) . Of course, the chemisorption of electron-rich substrates such as alkynes on gold particles with higher positive charge should be more preferable. The latter should lead to increasing of TOF and S. Alkynes are stronger Lewis bases than alkenes, so their adsorption from alkyne-alkene stream should be more selective. Thus, the "Electronic" size effect can explain the increase in the TOF and selectivity of phenylacetylene hydrogenation from phenylacetylene-styrene mixture observed in this work.
Conclusions
2.5 -30 nm gold nanoparticles immobilized on alumina possess high activity, selectivity and stability in the hydrogenation of phenylacetylene into styrene from phenylacetylene-styrene mixture. An increase of TOF and selectivity for smaller gold particles was found. This trend can be attributed to the increased surface concentration of corner and edge gold atoms in small particles and/or to increased electron deficiency and positive surface charge of small particles supported on Al 2 O 3 . 
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